We evaluated changes in the concentration of cations, anions, nutrients (dissolved organic carbon, DOC; phosphorus, P; and nitrogen forms including nitrate, NO 3 − and total organic nitrogen, TON), and chlorophyll a (Chl-a) in 31 Tatra Mountain lakes in Slovakia and Poland during their recovery from acidic deposition . Typical effects of decreasing acidic deposition on the lakes' water composition, such as decreasing base cation concentrations, were confounded by climate change and catchment characteristics, including areal proportions of well-developed soils and scree. A climate-related increase in physical erosion provided freshly exposed unweathered granodiorite (the dominant bedrock) to chemical weathering. Dissolution of accessory calcite in the granodiorite increased the in-lake Ca 2+ and HCO 3 − concentrations and reversed the Ca 2+ trends, which originally decreased in parallel with strong acid anions. These changes were most pronounced in steep, screerich areas, which are most sensitive to physical weathering. Fresh apatite [Ca 5 (PO 4 ) 3 (F, Cl, OH)] in the crushed granodiorite acts as a P source at soil pH's between 4 and 5 and in the presence of chelating organic acids within soils. These conditions enhance apatite solubility, which in part explains increasing P in lakes with scree-dominated catchments. Soil recovery from acidification due to decreasing acidic deposition and the neutralizing effect of weathering of erosion-derived accessory calcite were the most likely causes of elevated DOC and P export from soils. Their elevated leaching was accompanied by increasing in-lake concentrations of Chl-a and TON. The increasing TON concentrations were, as for Ca 2+ , most pronounced in the scree-rich catchments, and represented the most sensitive indicator of the changes in the lake water nutrient composition.
Introduction
Ongoing changes in climate as well as the chemistry of atmospheric deposition affect the composition of waters even in seemingly undisturbed high elevation areas, significantly altering their solute concentrations and interactions between the carbon, nitrogen (N), and phosphorus (P) cycles (e.g., Camarero et al. 2009; Moser et al. 2019) . Many of these freshwater ecosystems are, or have become, P-limited (Elser et al. 2009 ) from elevated N deposition (Wolfe et al. 2001 ). However, recently P concentrations have been rising in some North American (Homyak et al. 2014; Stoddard et al. 2016) and European (Camarero and Catalan 2012; Kopáček et al. 2015a) mountain waters. Several possible mechanisms for these upward P trends include climate changes and declining acidic atmospheric pollution.
Climate change alters the seasonality, amount, and intensity of precipitation, intensity of mechanical erosion, weathering, dust emissions, and the frequency of vegetation damage by insects and fires (e.g., Mast et al. 2011; Catalan et al. 2014; Brahney et al. 2015; Seidl et al. 2017) . Decreasing atmospheric pollution from sulphur (S) and N compounds slows soil acidification, eventually increasing the pH of soil water. Higher pH has led to elevated leaching of dissolved organic carbon (DOC) (Driscoll et al. 2007; Monteith et al. 2007; Evans et al. 2012 ) and DOC-bound phosphate (Gerke 2010; Kopáček et al. 2015a ). The terrestrial DOC and P co-exports are thus commonly linked (Brahney et al. 2014; Huser et al. 2018) .
The most important primary P source for waters in postglacial alpine ecosystems is release of P from apatite-rich young soils; with time, atmospheric P plays an increasing role as these ecosystems become depleted of apatite (Chadwick et al. 1999; Boyle et al. 2013 ). The atmospheric P flux associated with increasing dust deposition (commonly enriched with organic and apatite P compared to the ambient terrain) is a potentially important P source for alpine freshwaters in Europe and USA (Psenner 1999; Morales-Baquero et al. 2006; Brahney et al. 2014; Stoddard et al. 2016) . Globally, atmospheric deposition of P has increased compared to pre-industrial rates due primarily to increasing emissions from fossil fuels, dust, and fires (Brahney et al. 2015) . In alpine areas receiving high dust inputs, lake water P concentrations are positively related to the percent of exposed bedrock in catchments and to terrain steepness (Brahney et al. 2014 ); these catchments have limited capacity to retain atmospherically deposited P due to sparse soil cover and short water residence time. However, few longterm trends in P deposition have been detected during the last decades (Tipping et al. 2014) . Thus, elevated dust deposition may not explain recently increasing P concentrations in surface water in all alpine regions. Hence the question is, what causes increasing lake water P concentrations in watersheds that have relatively old soils, stable dust deposition, and no recent deglaciated areas in their catchments? Kopáček et al. (2015a) suggested that increasing P concentrations in some alpine Tatra Mountain lakes (central Europe) may originate from the decreasing phosphate adsorption capacity of sparse till soils as their pH increases, because of decreasing positive charge of soil aluminium (Al) and iron (Fe) hydroxides. This mechanism may explain both increasing and decreasing trends in P leaching from soils, depending on the trajectory of soil water pH during recovery. The Tatra Mountain lakes, with increasing P availability, had high proportions of exposed bedrock and negligible proportion of meadows in their catchments, similar to the lakes with increased P in the Wind River Range, USA (Brahney et al. 2014) . The Tatra Mountains are rapidly recovering from atmospheric acidification, and are affected by increasing air temperature, decreasing frequency of days with snow cover, and increasing frequency of heavy rains and freeze-thaw periods that accelerate the physical erosion of rocks (Kopáček et al. 2017) . Rock fracturing is caused by ice formation and expansion in joints and microcracks in the overlying debris, and their collisions during movement due to gravity and slumping (e.g., after heavy rains) (Hall 2004; Matsuoka and Murton 2008; Gislason et al. 2009 ). The elevated physical erosion increases the reactive surface area of rocks, supplying fresh unweathered minerals for chemical weathering. The importance of this process increases with elevation in mountain areas (Millot et al. 2002; Riebe et al. 2004) . The elevated weathering is an important source of Ca 2+ and Mg 2+ , causing increasing trends in their concentrations in some lakes with silica-rich bedrock despite decreasing concentrations of strong acid anions (SAAs = SO 4 2− + NO 3 − + Cl − ) due to reduced acidic deposition (Mast et al. 2011; Rogora et al. 2013; Kopáček et al. 2017) . The source of Ca 2+ and HCO 3 − in siliceous igneous rocks is largely accessory calcite that becomes available for dissolution after physical erosion of the parent material (White et al. 2005) . The freshly eroded rocks contain apatite grains that may be a source of phosphate for soil and aquatic environments (Smith et al. 1978; Welch et al. 2002; Guidry and Mackenzie 2003) .
The steepest increase in Ca 2+ concentrations in Tatra Mountain lakes occurs in the same type of lakes that have increasing nutrient concentrations, including P (Kopáček et al. 2015b (Kopáček et al. , 2017 . These parallel trends in Ca and P concentrations suggest that elevated weathering rates due to climate change also could contribute to the increased P leaching in some alpine catchments.
To test this potential effect of changing climate on lake water composition, we (1) evaluated long-term data on ionic chemistry and nutrient concentrations in Tatra Mountain lakes, and (2) performed laboratory weathering experiments with samples of the dominant granodiorite bedrock from the study area to estimate its potential to release Ca 2+ and P under the ambient precipitation chemistry and soil composition. Our goal was to answer the following questions:
(1) are changes in water composition related to decreasing acidic deposition and do changes occur uniformly across catchments or are they catchment-specific? (2) Can climate change contribute to increasing lake water P concentrations in regions with silica-rich bedrock? (3) What is a role of catchment characteristics in accelerating or modifying these processes?
Materials and methods

Site characteristics
The Tatra Mountains are situated in central Europe along the Slovak-Polish border at 20.2°E and 49.2°N. Bedrock is predominantly granodiorite, granite, felsic gneiss, and mica schist. Soils are dominated by humus-ferric podsol in forest areas, by shallow poorly developed podsol, leptosol, and regosol in alpine meadows (henceforth meadow soils), and by sparse poorly developed soils in scree areas (henceforth, till soils) (Kopáček et al. 2015b ).
There are > 260 small, permanent and seasonal lakes of glacial origin in the Tatra Mountains; the maximum surface area is ~ 35 ha and maximum depth is 79 m. Most lakes are alpine, above the natural tree line, at elevations > 1800 m. The atmospheric acidification of lakes peaked in the 1980s. Since the early 1990s, the lakes have rapidly recovered from acidification due to the steep decrease in deposition of S and N (NO 3 − and NH 4 + ) compounds in this region (Kopáček et al. 2015b) .
For long-term monitoring, we selected 31 chemically and morphologically representative catchment-lake systems. They included a wide range in present chemistry and catchment cover, from forested (dominated by Norway spruce) to alpine (Supplementary Material, SM; Table SM-1). Most of these lakes have a maximum depth > 4 m and are thermally stratified during ice-off period. We characterized land-cover of the catchments using percentage of exposed bedrock, scree (areas of broken rocks and gravel without any vegetation except lichen), and areas covered with soil. Six lakes (henceforth, acidic lakes) had acid neutralizing capacity (ANC) < 20 µeq L −1 [1 eq (equivalent) is 1 mol of charge] until 2018. Acidic lakes are located in forest, dwarf pine, or alpine meadows, and have a large percentage of their catchment covered with soil (Table SM-1). Twentyfive lakes (henceforth, non-acidic lakes) either had already recovered from acidification (ANC was > 20 µeq L −1 in the 2010s, while < 20 µeq L −1 in the 1980s), or were not acidified to this threshold.
Data on soil chemistry and percentage of soil cover in catchments of lakes used in this study are from Kopáček et al. (2004 Kopáček et al. ( , 2015a . The most important difference between the chemistry of alpine meadow and till soils was their P concentrations (25 vs. 35 µmol g −1 , respectively). Till soils had about three-times higher concentrations of oxalate extractable soluble reactive P (SRP; 12 vs. 3.6 µmol g −1 ) despite their lower phosphate adsorption capacity. For more details, see Part SM-1.
Data on daily precipitation, snow cover, and minimum, maximum, and average air temperature in the Tatra Mountains were measured at the Meteorological Observatory Skalnaté Pleso (20.234°E, 49.189°N, elevation of 1778 m). The data were analysed as described by Kopáček et al. (2017) for the 1965-2018 period with the following results ( Fig. SM-1 ): annual average air temperature significantly (p < 0.001) increased up to ~ 3 to 4 °C throughout 1992-2018, from their 1965-1991 average of 1.75 to 2014-2018. The warmer 1992-2018 period had higher average annual precipitation than the 1965-1991 period (1.46 vs. 1.30 m year −1 ). Annual number of days with snow cover (> 2 cm) significantly decreased (p < 0.001), while numbers of days year −1 without precipitation (p < 0.05) and with high precipitation amount (> 30 mm day −1 , p < 0.01) significantly increased during 1992-2018. Frequency of days with air temperature fluctuating through the freezing point (daily minimum < 0 °C and daily maximum > 5 °C) continuously increased (p < 0.001) during 1992-2018.
Data on chemical composition of bulk precipitation in the study area (Kopáček et al. 2015b; Mitošinková pers. commun.) are from the Chopok meteorological station, situated in the Low Tatra Mountains at 19.590°E, 48.944°N and elevation of 2008 m.
Data on the bulk P deposition in the Tatra Mountains are from Kopáček et al. (2011) . Volume-weighted mean concentration of total phosphorus (TP) and SRP in bulk precipitation averaged 0.59 and 0.30 µmol L −1 ; the average bulk deposition of TP was 0.7 mmol m −2 year −1 .
Water sampling and analyses
Lake water was collected once annually in September to early October before ice-on and analysed for ANC (Gran titration), major ions, reactive silica (Si), dissolved organic carbon (DOC), TP, total organic nitrogen (TON), and chlorophyll a (Chl-a). Details on sampling and analyses are in Kopáček et al. (2015b Kopáček et al. ( , 2017 and Table SM -2. Positive ANC values were assumed to represent HCO 3 − concentrations and HCO 3 − = 0 was used for all ANC values ≤ 0 µmol L −1 . We neglected any effect of organic acid anions on ANC in this estimate because changes in their charge during sample titration from an ambient pH to ~ 4.5 (an approximate pH value where all HCO 3 − is titrated to the dissolved CO 2 ) were < 3 µeq L −1 .
The average solute concentrations in the 6 acidic and 25 non-acidic lakes were computed as the average annual mean for all lakes in each category. The number of annual observations ranged from 15 to 27 for individual lakes. Linear regressions of concentrations of water solutes against time were used to determine slopes and significance of trends in lake water composition (Ca 2+ , Mg 2+ , H + , SO 4 2− , NO 3 − , Cl − , ANC, TP, Chl-a, TON, DOC, and Si) in each lake over the 1992-2018 period. Percentage changes in concentrations of TP, Chl-a, DOC, and TON (Δ; % year −1 ) were calculated as 100×(slope/average) during the 1992-2018 period. We also used the Mann-Kendall test (R Development Core Team 2015) to confirm significance of long-term trends in water chemistry, because some data did not meet the assumption of normality. 
Bedrock sampling, analyses, and extraction experiments
Bedrock chemical analyses were performed following Kopáček et al. (2017) . Twelve representative unweathered samples of the dominant granodiorite bedrock (G1-G12) were collected from scree areas in four catchments (Table SM-1). All samples were crushed and analysed for basic chemical and mineralogical compositions, and apatite composition (Tables SM-3 -SM-5). We used the 2-5 mm size fraction of crushed samples for extraction experiments.
Prepared samples (16 g) were extracted 24 h at 20-25 °C with 80 ml of 0.32 mmol HNO 3 L −1 . Initial pH of extraction solution was 3.5 for all samples and 5.0 (0.01 mmol HNO 3 L −1 ) for seven samples (three samples with the highest and four samples with the lowest carbonate content). We averaged results from three replicates for data evaluation. The extraction was repeated 15 times with new solution. After filtration of extraction solutions, concentrations of base cations (BCs = Ca+Mg+Na+K), Al, Fe, and Si were determined using inductively coupled plasma mass spectrometry (8800 Triple Quadrupole ICP-MS analyser), concentration of P was measured as SRP following Murphy and Riley (1962) , HCO 3 − production was estimated as positive ANC, and H + consumption was computed as the difference from H + concentrations at the beginning and end of each extraction step. The average pH of extraction solution for the 15 consecutive extractions was calculated from average H + concentration at the end of each step. Total amounts of elements, HCO 3 − , and SRP dissolved from rocks (and consumed H + ) during the 15 extractions was computed as the sum of all steps. All released SRP was assumed to originate from apatite. The amount of Ca originating from apatite dissolution (Ca-apatite) was estimated from production of SRP multiplied by the Ca:P ratio in apatite (1.51-1.68) in individual samples. The difference between the total released Ca and apatite-Ca was assumed to originate from dissolution of accessory calcite in rocks (calcite-Ca), recognizing that small contributions would be from weathering of Ca-bearing silicates. Details on experimental design and rock composition, including their carbonate content, are in Part SM-2.
The apatite standard (A1) was from the Institute of Geology, Czech Academy of Science. We used 2-5 mm fractions of the crushed sample A1 and tested the effect of pH on the release of Ca and P during a 24-h extraction with 0.32 mmol HNO 3 L −1 (pH 3.5), and oxalic and citric acids (both 1 mmol L −1 ). All acidic solutions were titrated with NaOH to obtain starting pH values of extraction solutions in the range from 3.5 to ~ 7 (for more experimental details, see Part SM-2).
Results
Water chemistry
Chemistry of the 31 selected Tatra Mountain lakes varied widely. The 1992-2018 average concentrations of SAAs, HCO 3 − , and Ca 2+ +Mg 2+ (representing 85% of BCs) were 42-120, 0-313, and 28-413 µeq L −1 , respectively (Table  SM- 6) . Water chemistry has been rapidly recovering from atmospheric acidification, with continuously decreasing SAA concentrations and increasing HCO 3 − and pH in both acidic and non-acidic lakes since 1992 ( Fig. 1 ; for trends in concentrations of major solutes see Tables SM-7 and SM-8).
Between the 1992-1995 and 2015-2018 periods, the respective average (± standard deviation) water composition of the non-acidic and acidic lakes changed as follows: concentrations of SAAs decreased from 106 ± 23 to 52 ± 14 and from 93 ± 18 to 33 ± 13 µeq L −1 ; ANC increased from 86 ± 72 to 141 ± 82 and from − 12 ± 7 to 10 ± 7 µeq L −1 ; and pH increased from 6.1 ± 0.5 to 6.8 ± 0.3 and from 4.8 ± 0.1 to 5.4 ± 0.3. In acidic lakes, the decrease in SAA concentrations was partly compensated for by decreasing concentrations of Ca 2+ +Mg 2+ throughout the study. In non-acidic lakes, the Ca 2+ +Mg 2+ concentrations decreased together with SAAs to the middle 2000s, then the Ca 2+ +Mg 2+ concentrations started to increase (Fig. 1b) , despite a continuing decrease in SAAs (Fig. 1a ).
Concentrations of all major ions in bulk precipitation [SO 4 2− , NO 3 − , NH 4 + , H + , and (Ca 2+ +Mg 2+ )] have been decreasing in the study area since the 1990s ( Fig. SM-2 ).
Average concentrations of DOC and TON increased significantly (p < 0.001) in both lake categories, while the average TP concentrations slightly increased (p < 0.05) only in acidic lakes (Fig. 2) . Despite the absence of general increase in TP averages for the 25 non-acidic lakes, significant increases occurred in four of them. Significant increases in Chl-a concentrations occurred in seven nonacidic lakes, and the average for this category significantly (p < 0.05) increased from 1992 to 2018 ( Fig. 2b) . Concentrations of Si exhibited no consistent trends (Table SM-7) .
Slopes of changes in concentrations of major water constituents were highest in lakes with high 2018 concentrations, and related to catchment characteristics. During 1992-2018, concentrations of SO 4 2− decreased more steeply in lakes with high percentage of soil area in the catchment area (soil-rich catchments) ( Fig. 3a) , while NO 3 − concentrations decreased more steeply in soil-poor catchments (Fig. 3b ); concentrations of DOC increased more steeply in soil-rich catchments (Fig. 3c) ; and the ANC increase was steepest in soil-poor catchments (Fig. 3d ).
Relative changes in concentrations of TP ranged between − 1.5 and 2.2% year −1 during 1992-2018 and positively correlated with scree area in the lake catchments ( Fig. 4a ). Similar positive correlations between scree cover and relative concentration changes also occurred for ΔChl-a, ΔTON, and ΔDOC, with the respective ranges of − 2 to 10, 1 to 4, and 0.3 to 6% year −1 (Fig. 4) . The most pronounced relative changes in concentration of nutrients and Chl-a thus occurred in lakes with high scree proportions in their catchments. In contrast, we observed no relationships between these variables and the percentage of either soil area or exposed rocks in the catchments (not shown). 
Leaching experiments with granodiorite
Major mineral components of the granodiorite were plagioclase (35%), quartz (30%), muscovite (14%), and K-feldspar (11%). Calcite and apatite were present in trace amounts. Chemical composition of granodiorite samples was dominated by Si and Al (12 and 3 mmol g −1 on average, respectively); Na, K, Ca, and Mg averaged 1.3, 0.6, 0.4, and 0.2 mmol g −1 , respectively. Carbonate and P concentrations ranged from < 2 to 89 and 7 to 19 µmol g −1 , respectively. Chemical composition of apatite was similar in all 12 granodiorite samples, with the average Ca:P:O:F atomic ratio of 4.9:3.0:12.6:1.0. This ratio was similar to that of the apatite used in further experiments (see below). The amounts of BCs dissolved from samples during the first 15 extraction steps with 0.32 mM HNO 3 (original pH 3.5) ranged from 2 to 30 µeq g −1 . The extracted BCs were dominated by Ca, representing 83 ± 13% of the total BC sum, while K, Na, and Mg contributed 7 ± 6, 6 ± 6, and 4 ± 3%, respectively. The amount of extracted calcite-Ca was positively correlated (p < 0.001) with the concentration of bicarbonate, while a negative correlation (p < 0.05) occurred between apatite-Ca and bicarbonate (Fig. 5a ). The reason for this negative correlation was the positive effect of carbonate concentration on the final pH of the extraction solution and negative effect of higher pH on apatite solubility.
In samples G2 and G6, consumption of H + was higher than their carbonate content, suggesting a partial dissolution of other minerals, mostly apatite. In contrast, the 15 extraction steps only dissolved 18% and 22% of total carbonate from samples G1 and G11 that had the highest carbonate concentration, as calcite (Table SM -3). The 15 extraction steps dissolved 52 ± 20% of the carbonate in the rest of granodiorite samples (excluding G1, G2, G6, and G11).
The amount of SRP extracted in the 15 extraction steps ranged from 0.08 to 1.3 µmol g −1 , representing < 8% of total P in the samples. The amount of extracted SRP significantly (p < 0.01) increased with the decreasing final pH of extraction solution (Fig. 5b) . Less than 1% of total P in samples was released as SRP from carbonate-rich samples where the average final pH was not < 5 during the 15 extraction steps. In contrast, in samples with lower carbonate content, the average final pH was from 3.6 to 4.9, and the total leached SRP represented 4-8% of the total P in rocks (Table 1) . Because the pH of extraction solution was controlled mostly by the concentration of carbonate in samples, more SRP and apatite-Ca were dissolved from samples with low carbonate content and negative correlation (p < 0.001) occurred between dissolved HCO 3 − and SRP concentrations given in Table 1 .
This experiment showed that all samples of unweathered granodiorite were important sources of Ca and SRP ions and 50% of them also of HCO 3 − (Table 1) . The accessory calcite was the major source of Ca and HCO 3 − , while apatite was the most likely source of SRP. The 15 extraction steps yielded a relatively small fraction of the total available calcite and apatite. This was likely caused by the coarse grain size (2-5 mm) used in the experimental weathering, with calcite and apatite occluded within other crystals, or just partially dissolved because of the short exposure time. Rock fragments only became a significant source of SRP at pH < 5. This lower limit was confirmed by the experiment using 0.01 mM HNO 3 solution (initial pH 5). The final average pH of extraction solutions in the 15 consecutive steps ranged from 5.2 to 8.8, concentrations of dissolved Ca 2+ were equal to the amount of dissolved carbonate (measured as HCO 3 − and neutralized H + ), and SRP concentrations were negligible ( Fig. SM-3) .
Leaching experiments with apatite
The chemical composition of apatite A1 was similar to the trace apatite in the granodiorite samples, with the Ca:P:O:F atomic ratio of 5.2:3.1:13.2:1.0. The amount of SRP dissolved during the 24-h extraction was negligible at pH > 6, but then exponentially increased with decreasing pH to 3.5 for all acids (Fig. 6 ). The efficiency of individual acids to dissolve apatite from initially the same pH increased in the order HNO 3 < citrate ≪ oxalate (Fig. 6) , indicating that organic acids were more effective solvents than HNO 3 at the same pH. 
Discussion
Major ions
The 1992-2018 time series of ionic concentrations in the Tatra Mountain lakes predominantly reflected decreasing atmospheric deposition of S and N compounds, but the steepness of their changes was further modified by catchment characteristics, in-lake processes, and climate change effects on lake catchments as follows:
1. Decreases in lake water SO 4 2− concentrations were steeper in soil-rich catchments (i.e., in areas covered with vegetation) than in scree and bare rock areas (Fig. 3a ) due to higher SO 4 2− inputs to forest foliage than to bare surface (Křeček et al. 2019) . Reduction in concentrations of sulphur compounds in the atmosphere resulted in a steeper decrease in SO 4 2− concentrations in throughfall than in bulk deposition (Oulehle et al. 2016 ). 2. The extents of catchment saturation with N, as well as NO 3 − losses to waters were higher in soil-poor than in soil-rich catchments (Kopáček et al. 2005 ). The decrease in N deposition thus caused more pronounced reduction in NO 3 − leaching from soil-poor than soil-rich catchments (Fig. 3b ). Similar relationships between NO 3 − concentrations in surface waters and soil pools or vegetation density in their catchments (i.e., catchment pools of organic carbon) are commonly reported from other mountain areas (Baron et al. 2000; Goodale et al. 2000; Evans et al. 2006; Camarero et al. 2009 ). 3. The lake water concentrations of NO 3 − and SO 4 2− were lower than the terrestrial export owing to in-lake microbial reduction, pointing to a strong internal acid neutralizing (ANC generating) process (Cook et al. 1986; Kelly et al. 1987) . The fraction of external NO 3 − loading that was reduced in the Tatra Mountain lakes [calculated from water residence time according to Kelly et al. Values are cumulative for 15 consecutive extraction steps (24-h each, 20-25 °C) a pH is the average pH of extraction solution for 15 extractions, computed from H + concentrations at the end of each extraction; HCO 3 − is equal to positive values of ANC; H + is amount of protons neutralized during extractions (the sum of the differences between the initial and final H + concentrations during individual extractions); Ca, Mg, Na, and K are sums of dissolved metals; SRP is sum of extracted soluble reactive phosphorus; SRP:TP is percent of P in the form of SRP in the samples; apatite Ca:P is molar ratio of these elements in apatite in the granodiorite samples (Table SM-5); and apatite-Ca is amount of Ca extracted from apatite. Amounts of Al, Fe, and Si extracted during the 15 extractions were small (< 0.03, < 0.004, and < 0.5 µmol g −1 , respectively) and are not shown 1987) ] was 6-64%, with an average of 25% (Kopáček et al. 2005) . Similarly computed in-lake SO 4 2− reduction was 0.4-11%, with an average of 3%. These processes are first order reactions and their rates increase with increasing concentrations of reactants (Kelly et al. 1987) . Consequently, they contributed more to the inlake NO 3 − and SO 4 2− reduction and ANC production in the 1990s than in the 2010s, and cannot explain the observed increase in HCO 3 − concentrations (Fig. 1c ). 4. Lakes in soil-rich catchments (Table SM-1) had high DOC and low ANC concentrations (Table SM-6) .
Reduced acidic deposition resulted in elevated DOC leaching from numerous recovering areas (Monteith et al. 2007; Evans et al. 2012) . The steepest DOC increase reflected the steepest decrease in SO 4 2− concentrations in the soil-rich Tatra Mountain catchments (Fig. 3a, c) , consistent with other areas. The elevated leaching of DOC, including organic acids, restricted ANC recovery in the soil-rich catchments more than in soil-poor catchments and delayed their recovery from acidification. Moreover, the steeper ANC increases in lakes in soil-poor (scree-rich) areas also benefited from a higher rate of physical rock erosion and HCO 3 − production from accessory calcite in these catchments since the middle 2000s (Kopáček et al. 2017 ). The increasing DOC leaching from soil-rich catchments and elevated rock weathering in the scree-rich catchments were thus responsible for a negative relationship between the rate of ANC change in the lakes and percent soil cover in their catchments (Fig. 3d) . 5. Concentrations of BCs (dominated by Ca 2+ ) decreased concurrently with concentrations of SAAs in all lakes. This decline continued in the acidic lakes until 2018, while in the non-acidic lakes only to the middle 2000s. Then, the decreasing trends in Ca 2+ +Mg 2+ concentrations reversed and started to increase, together with HCO 3 − , in the non-acidic lakes (Fig. 1b, c) . This change cannot be explained by elevated dust deposition, as in some North American western mountain lakes (Brahney et al. 2013 ) due to continuously decreasing concentrations of Ca 2+ +Mg 2+ in bulk precipitation in the Tatra region, including wet and dry vertical deposition ( Fig. SM-2) . Moreover, the absence of glaciers and rock glaciers excludes the possibility of increasing solute release during melting in the Tatra Mountains as compared with the Alps (Thies et al. 2007 (Thies et al. , 2013 . And finally, the recently increasing trends in Ca 2+ +Mg 2+ concentrations cannot be explained by the in-lake process associated with BC desorption for H + in sediments that occurs during acidification (Schiff and Anderson 1986; Norton et al. 1990 ). During recovery from acidification, the process would reverse, decreasing lake water BCs. Thus, the increasing trends of Ca 2+ in the Tatra Mountain lakes, similarly to HCO 3 − concentrations, were probably caused by elevated physical erosion of granodiorite rocks and dissolution of freshly exposed accessory calcite (Kopáček et al. 2017) . Laboratory experiments showed that Ca 2+ and HCO 3 − ions dissolve from the crushed granodiorite in a wide pH range (Figs. 5, SM-3) . Precipitation thus can efficiently dissolve Ca 2+ and HCO 3 − from the accessory calcite exposed by physical erosion of rocks and increase their concentrations in lakes, even as the pH of atmospheric deposition increases. This process is more effective in scree areas with higher proportion of exposed rocks and steeper slopes where rocks are not thermally insulated and stabilized by soils (Kopáček et al. 2017 ). The BCs vs. SAAs trends thus decoupled in the non-acidic lakes with large scree areas in the middle 2000s, while they exhibited parallel trajectories in the acidic, soil-rich, catchments during the whole study (Fig. 1b ).
Nutrients
Concentrations of TON significantly increased in most acidic and non-acidic lakes in the Tatra Mountains from 1992 to 2018 (Fig. 2d, Table SM-7) . Besides elevated terrestrial export of TON (together with DOC), this increase probably reflected elevated P availability (decreasing P limitation of phytoplankton and thus higher primary production) in these lakes (Kopáček et al. 2015a ). Concentrations of TP and Chl-a increased in most lakes from 1992 to 2018; however, in contrast to DOC and TON, slopes of their increases were significant only in a few lakes (Table SM- 7) . The lower significance in the TP trends may be caused by their low concentrations, close to the detection limit (Table SM -2) in non-acidic lakes. The TON concentrations thus appear to be the most sensitive indicator of changes in the lake water nutrient concentrations.
Concentrations of DOC, TON, TP, and Chl-a in the Tatra Mountain lakes increased along a gradient of increasing percentage of soil and vegetation cover in their catchments (Kopáček et al. 2015a ). The percent changes in their concentrations, however, significantly increased with percentage of scree in catchments (Fig. 4) . Such a pattern in the lake nutrient concentrations could be potentially explained by the increasing dust deposition, as observed elsewhere (e.g., Morales-Baquero et al. 2006; Camarero and Catalan 2012; Tsugeki et al. 2012) , because scree-rich catchments have low capacity to retain atmospherically deposited P (Brahney et al. 2014 ). However, we did not observe increasing TP deposition in the Tatra Mountains or at regionally close research plots in the Czech Republic . Elevated dust inputs would also be a source of Ca 2+ (Vicars and Sickman 2011; Brahney et al. 2013) , the concentration of which is decreasing in precipitation. An increase in atmospheric P input is thus an unlikely reason for the increasing TP, TON, and Chl-a concentrations in the Tatra Mountain lakes.
Positive relationships between lake water DOC and TP concentrations (Kopáček et al. 2015b ; Fig. 4 ) may be associated with their linked export from soils. As soil water pH increases above 3.5-4, positive charge of Al and Fe hydroxides in soils decreases, decreasing their capacity to bind anions, including organic acids and phosphate (Kaňa et al. 2011; Kopáček et al. 2015a) . Moreover, organic acid anions compete with phosphate for binding sites in soils (Patrick and Khalid 1974) . The increasing DOC concentrations in soil water during recovery from acidification (Evans et al. 2012) can increase phosphate desorption (or decrease adsorption of atmospherically deposited phosphate) and formation of soluble DOC-Fe(Al)-phosphate complexes (Gerke 2010) , increasing P mobility and inlake TP concentrations. In concordance with this mechanism, the increases in concentrations of DOC and TP were steeper in the acidic lakes (with soil-rich catchments) than in non-acidic lakes (Fig. 2) . In contrast, the relative changes in lake water TP concentrations were steeper in catchments with more abundant scree areas (Fig. 4) . Some of these presently non-acidified lakes in scree-rich catchments were acidified in the 1980s and exhibited steep recovery trends . Changes in their chemistry are consistent with a conceptual model by Gerson et al. (2016) that predicts a decrease in P limitation in freshwater ecosystems after decreased atmospheric N and S deposition due to increasing terrestrial P leaching associated with decreasing P adsorbing capacity of soils and elevated P co-export with DOC.
The scree areas are dominated by till soils. The average concentrations of total P are 40% higher in the till than alpine meadow soils despite their lower concentrations of Al and Fe hydroxides (Kopáček et al. 2004) . The lower concentrations of Al and Fe hydroxides (the dominant phosphate-binding phases) in the till soils cause their higher ability (compared to alpine meadow soils) to desorb phosphate at increasing pH (Kopáček et al. 2015a ). Catchments with lower proportions of till than alpine meadow soils have lower overall DOC and P leaching and lower in-lake concentrations, but the higher sensitivity of till soils to pH increase causes higher relative changes of DOC and P leaching in the scree-rich catchments. The amount of phosphate that can be desorbed from soils depends on soil adsorption capacity given by concentrations and age of Al and Fe hydroxides and soil water pH (Detenbeck and Brezonik 1991; Kaňa et al. 2011 ) and the amount of adsorbed phosphate. Now, a question arises: "Why are TP concentrations higher in the till than alpine meadow soils?" We discuss possible answers in the next section.
Phosphorus sources and pools
Lake water TP concentrations (0.05-0.47, average of 0.13 µmol L −1 ) were lower than in bulk precipitation (0.59 µmol L −1 ). Some of this P was retained in the lake sediments. The fraction of external TP loading buried in sediments (calculated from water residence time) varied within 13-65%, with an average of 34% ). This in-lake phosphorus retention does not explain all the difference between precipitation and lake water TP concentrations, strongly implying that only a fraction of the TP deposited to catchments enters the lakes. The TP concentrations in both alpine meadow and till soils are about two times higher than in bedrock (14 µmol g −1 on average; Table SM -3). The TP pools averaged 2.93 mol m −2 in the Tatra Mountain meadow soils from their surface to bedrock (Kopáček et al. 2004 ). If all mineral material in the fine meadow soil (determined from the ash content and average P concentration in bedrock) were unweathered bedrock fragments, the average TP pools should be 1.44 mol m −2 . The meadow soils were thus enriched by 1.49 (2.93-1.44) mol m −2 TP. This difference would be reached after ~ 2040 years at the current rate of atmospheric TP deposition of 0.7 mmol m −2 year −1 , provided all atmospherically deposited TP was retained in soils. We cannot estimate TP pools associated with till soil in scree areas because they were only sampled to the shallow subsurface. We found, on average, 13 kg till soil m −2 just below the surface stones (sampled to the maximum depth of < 0.8 m; Kopáček et al. 2004 ), but it is highly probable that other buried soils exist deeper in the scree. If the total mass of till soil per area is lower than in alpine meadows, their higher TP concentrations could simply originate from accumulation of atmospherically deposited TP in lower mass of soil. Another potential P source for till soil is, however, the elevated apatite availability from physical weathering that is higher in the steep scree terrain than in alpine meadows (Kopáček et al. 2017) .
Similarly to previous studies (e.g., Guidry and Mackenzie 2003) , our laboratory extraction experiments showed that the physically eroded granodiorite could be a source of SRP and Ca 2+ at pH < 5 (Fig. 5) . The present pH of bulk precipitation is ~ 5 (Fig. SM-2) and is too high to effectively dissolve apatite in the samples. Thus, the granodiorite particles directly exposed to precipitation probably are not a significant P source for lakes. However, if these particles enter the till soils, they could become a P source for the soil microbial community. Several culture experiments (e.g., Smith et al. 1978; Wallander et al. 1997; Welch et al. 2002) have demonstrated that bacteria, fungi, and algae can solubilize apatite at circum-neutral pH and this process is more effective as particle size decreases. This indicates that the freshly crushed granodiorite particles with exposed apatite grains have the potential to be a source of phosphate for Page 11 of 13 70 soil microbial community. Microorganisms produce organic acids (such as pyruvate, fermentation products, and oxalate) and CO 2 , all of which lower soil water pH, and increase apatite dissolution by up to an order of magnitude compared to the inorganic conditions, due to chelating effects of some (e.g., oxalic) acids (Welch et al. 2002) . Consistent with studies by Boyle et al. (2013) and Welch et al. (2002) , we observed increased apatite solubility with HNO 3 at the ambient soil pH (4-5), and increased solubility in the presence of oxalic acid (Fig. 6 ). In addition, P uptake from apatite can be supported by soil fungi due to high affinity of their mycelia for dissolved P (Wallander et al. 1997; Blum et al. 2002) . Phosphate liberated from dead microbial biomass is then adsorbed on Al and Fe hydroxides, thereby increasing the soil TP concentrations.
We suggest that present climate-change has elevated physical erosion, providing freshly exposed unweathered granodiorite containing apatite for till soil. The elevated availability of apatite for soil microbial community can support their growth, transforming P from the inorganic, poorly soluble form, to organically-bound P, and finally to phosphate bound on the soil adsorption complex. The extra apatite in scree areas compared to alpine meadows thus may explain the three-times higher concentrations of mineral P forms in the till soils despite their lower phosphate adsorption capacity. As soil water pH increases in till soils due to their recovery from acidification, adsorbed phosphate may desorb and leach to lakes (Kopáček et al. 2015a) .
The negative relationship between the release of Ca from calcite and Ca from apatite (Fig. 5a ) suggests that the transformation of apatite P to phosphate adsorbed on soils can be retarded by the presence of accessory calcite. Soil water acidity is neutralized by calcite dissolution, while efficient apatite dissolution begins only after calcite depletion. The freshly crushed granodiorite rocks thus may become a P source after a substantial delay. The dissolution of accessory calcite can, however, rapidly increase soil water pH and desorb already bound phosphate from Al and Fe hydroxides or, alternatively, decrease the extent of adsorption of atmospherically deposited phosphate on the soil sorption complex. The elevated inputs of accessory calcite from physical weathering to the till soils thus could have this indirect effect on elevated P leaching and increasing TON and Chl-a concentrations of lakes with scree-rich catchments.
Conclusions
Changes in major ion and nutrient concentrations in the Tatra Mountain lakes are an interplay between their recovery from acidic deposition and a changing climate. Proportions of meadow soils and scree areas in catchments influence the impacts of atmospheric pollution and climate on lake water chemistry. Consequently, the effects of S and N deposition and climate change on lake water composition are not uniform and result in different trends in concentrations of lake water solutes. Decreasing acidic deposition uniformly results in decreasing concentrations of SAAs in all types of lakes. Their decline is initially accompanied by decreasing concentrations of Ca 2+ and Mg 2+ in acidic lakes in soil-rich catchments, but climate change reversed this trend in nonacidic lakes in scree-rich areas due to elevated dissolution of Ca 2+ and HCO 3 − from accessory calcite (Fig. 1) . This latter process is most pronounced in steep catchments where the scree is less stable and more exposed to physical erosion and weathering than rocks and gravel insulated by soils.
The elevated physical erosion of granodiorite and exposure of unweathered apatite grains to soil water is a potential source of P in the scree-rich catchments. The direct effect of climate change on TP concentrations in the Tatra Mountain lakes is not substantial at the present pH of bulk precipitation. However, apatite in lower pH and higher organic acid environments of till soil can dissolve, increasing P bound in the soil sorption complex.
The highest increase in lake water DOC, TON, and TP concentrations during recovery from acidification occurred in acidic, soil-rich catchments (Fig. 2, Table SM-1 ). In contrast, the most pronounced relative change in lake water concentrations of DOC, TP, TON and Chl-a occurred in lakes with scree-rich areas (Fig. 4) . We hypothesize that soil recovery from acidification and dissolution of accessory calcite from physical erosion increase soil water pH and decrease soil's capacity to bind organic acid anions and phosphate, causing their elevated leaching and the observed increasing lake water concentrations of nutrients.
